Abstract: This paper analyzes the behavior of residential solar-powered electrical energy storage systems. For this purpose, a simulation model based on MATLAB/Simulink is developed. Investigating both short-time and seasonal hydrogen-based storage systems, simulations on the basis of real weather data are processed on a timescale of 15 min for a consideration period of 3 years. A sensitivity analysis is conducted in order to identify the most important system parameters concerning the proportion of consumption and the degree of self-sufficiency. Therefore, the influences of storage capacity and of storage efficiencies are discussed. A short-time storage system can increase the proportion of consumption by up to 35 percentage points compared to a self-consumption system without storage. However, the seasonal storing system uses almost the entire energy produced by the photovoltaic (PV) system (nearly 100% self-consumption). Thereby, the energy drawn from the grid can be reduced and a degree of self-sufficiency of about 90% is achieved. Based on these findings, some scenarios to reach self-sufficiency are analyzed. The results show that full self-sufficiency will be possible with a seasonal hydrogen-based storage system if PV area and initial storage level are appropriate.
Introduction
A general objective of international energy policy is to protect climate effectively with more rational use of energy and by increasing the share of renewable energies. Germany, for example, has committed to reduce greenhouse gas emissions by 40% until 2020 compared to 1990, limiting the increase in the average global temperature to a maximum of 2 K compared to preindustrial levels [1] . Additionally, a share of renewables in German electricity supply of 40% to 45% by 2025 is intended, simultaneously ensuring a secure and affordable energy supply [2] .
Despite the energy system transformation target, energy-related emissions have been rising since 2012 due to the increased use of coal [3] . However, to contain global warming, harmful emissions should be drastically reduced to avoid a temperature increase of up to 4 K [4] . Therefore, the development of renewable energy has to speed up. However, renewable power generation exhibits a fluctuating character, which is difficult to forecast. Thus, further expansion of storage capacities is necessary to compensate for differences between generation and demand. Until now, grid control has been done through pumped-storage power plants and adjustment of thermal power plants. Since the potential of the former is limited, distributed energy storage systems offer an interesting option appropriate to decentralized renewable energy generation.
According to guaranteed feed-in tariffs by the German Renewable Energy Sources Act [2] and especially the sharp drop in the price of photovoltaic (PV) systems, PV power capacity has grown substantially over the last few years. Up to 2014 a capacity of around 36 GWp was installed in Germany [5] , corresponding to a share of 5.7% of the annual gross electricity production in 2014 [3] .
The principal aim of installing a PV-system has been the feeding of generated electrical energy into the grid to get a feed-in remuneration. Obtaining a higher rate of payment, the systems are dimensioned as large as possible. Due to the strong increase in PV generation power, the feed-in tariffs continuously decrease until the remuneration terminates at a total installed PV capacity of 52 GWp [5] . As a consequence of the reduced profitability, only a few PV systems were installed in 2014.
In 2012, the feed-in tariffs for PV-generated electricity declined below the retail electricity prices for households [6] . Thus, instead of feeding into the grid, self-consumption of generated electricity became more attractive. A storage system can buffer excess renewable energy which can be used at night or at times with low irradiation to minimize grid purchases. Therefore, it offers a higher potential to increase self-consumption than optimal appliance scheduling (Demand Side Management) [7] [8] [9] [10] .
In residential buildings, the storage system can be based on common batteries (lead-acid or li-ion) or on hydrogen in the future. Several studies analyze the impact of batteries in a solar-powered system [11] [12] [13] [14] [15] [16] [17] or in a hybrid energy system [18] [19] [20] [21] . Additionally, the influence of a perfect PV generation forecast and, in particular, operational strategies of energy storage systems are discussed [22] [23] [24] [25] .
Moreover, some studies are available on the modelling and the simulation of stand-alone hybrid systems with combined storage systems comprising hydrogen and batteries [26] [27] [28] [29] [30] [31] . Only a few studies investigate hybrid hydrogen-based storage systems without batteries [32] [33] [34] or photovoltaic hydrogen systems [35] . Most hydrogen-based storage systems are compressed gas tanks. In contrast, Bocci et al. [36] shows a low-pressure metal hydride tank. Furthermore, hydrogen-based storage systems are compared with compressed-air storage [37] and with batteries [38, 39] . In almost every study, energy systems are simulated either for one whole year based on hourly averaged/synthetic data or only for some special days (standard days or a week) with a smaller timescale which can be an important factor for error formation [40] .
In this paper, a tool for the simulation of grid-connected residential energy systems is presented to characterize hydrogen-based storage systems. Simulations are performed on a timescale of 15 min for a consideration period of 3 years. First, the input data for modelling of load demand (based on standard load profile) and for solar energy generation (real weather data for temperature and global irradiation) are presented. Then, the simulation model and the behavior of a storage system are described. After defining assessment criteria, a PV direct consumption system is discussed. Furthermore, the effects of integrating a short-time storage system are shown. A sensitivity analysis is conducted to show the impact of different parameters. The section on variation of storage efficiencies considers the characteristics of different hydrogen storage possibilities (metal hydride, gas tank, etc.), which are not the focus of this paper. The transition from short-time to seasonal storing is presented by an increase of usable storage capacity. Finally, based on the high degree of self-sufficiency resulting from a seasonal storing of energy, several scenarios to achieve almost full self-sufficiency are presented.
Modelling
For analyzing storage behavior in residential energy systems, a time-discrete model is developed. Simulations are performed by MATLAB/Simulink [41] . A block diagram including relevant components and energy flows is displayed in Figure 1 , in which important input data are shown near the specific blocks. The energy provided by the PV modules is primarily consumed directly. If generation exceeds the load of the household, this excess energy will be-in the case of a direct consumption system-fed into the grid. If there is a storage system available, the excess energy will be stored. Conversely, if the load demand is higher than the PV generation, energy will be provided whenever possible by the storage system or otherwise by the grid. To model the energy flows, data series for both solar energy generation and load demand of a household are necessary. This study investigates a single-family house with a living space of 214 square meters and 4 residents [42] . For this building, a period of 3 years is simulated with a step size of 15 min.
Input Data
The simulation of the PV generation system is based on time series of meteorological data at the location of Nuremberg Airport. This weather station in central Bavaria is operated by the German weather service. Measured data of global irradiation and temperature as 10-min averaged values from the year 2011 until 2013 are taken from the Bavarian Hydrological Service [43] . The roof-mounted system covers the entire south-directed roof space of the model building to exploit a PV generation potential of 8.6 kWp, which accords well with the average potential of 8.7 kWp in suburban areas [44] . The roof inclination is 45° and no shading occurs.
The measured values of global radiation determine the power of the PV system. For an irradiation of 800 W/m 2 , a generator temperature increase of 27 K relative to the ambient temperature is expected. Consequently, the power output decreases with −0.45%/K compared to the standard test temperature of 25 °C. Additionally, a generator field efficiency of 96.5% (due to losses in diodes, power mismatch, dirt, etc.) and a constant inverter efficiency of 97.6% are taken into account [45] . Power degradation is ignored.
Based on an average sum of global radiation of 1160 kWh/(m Table 1) . Validation of the simulation with a commercial design program [45] in consideration of additional loss factors (data sheet tolerances, cabling, diodes, inverter design, etc.) shows deviations in annual yields lower than 3.5% and accordance with the generated electricity during the whole period under review. In addition to the PV generation profile, simulation of load demand is required, but the consumption in a household varies significantly dependent on environmental conditions and especially on consumer behavior, existing equipment and its home application [46] . These typical fluctuations are only observable at high time resolutions. The guideline VDI 4655 [47] allows for a time series of load demand with a discretization step of one minute. Indeed, it lacks statistically confirmed validity as only a few consumers are considered.
Due to the lack of meteorological data at a high temporal resolution, the standard load profile H0 [48] [49] [50] is used for modelling the load demand. This profile has a time resolution of 15 min and is deployed by transmission system operators and energy suppliers to predict the load demand of non-load metered consumers. Due to the statistical average, typical fluctuations are missing, but the profile is sufficiently accurate to predict the energy consumption in a large number of households [51] .
The course of the year is generated by a sequence of daily profiles (Figure 2a ). They are characterized by both day type (working day (Work), Saturday (Sat), Sunday (Sun)) and season type (winter (Win), summer (Sum), transitional period (Trans)). A fitting factor for the nth day of the year takes into account seasonal effects depending on annual variations in temperature ( Figure 2b ) [50] : (1)
Other possibilities for minimizing the differences between generation and load like energy saving or demand-side management are not considered in particular [7] [8] [9] [10] . For a four-person household, an annual electricity demand of 4,752 kWh is assumed [52] . In combination with the standard load profile, the power demand in each simulation step is determined. 
Direct Consumption
Based on the load and generation profiles described before, energy flows in the model house are simulated. First, a direct consumption system without storage is considered (see Figure 1 ). Generated electricity supplies primarily the simultaneously occurring direct consumption of the household. Additional available excess power is fed into the grid and the grid provides the required power. Hence, the residual load Pres results from the difference between load demand Pload and PV power PPV and describes the energy exchange with the grid:
Caused by the design of the PV generation system, the power output at times of clear sky and sunshine is much higher than the load demand. Therefore, a large energy surplus arises in the summer months as shown in Figure 3a . Considering the whole period of 3 years, almost twice as much energy is produced as is needed. Since load and generation have to match at any time, electricity from the grid is required in two thirds of all annual hours. This is presented in Figure 3b by means of the annual duration curve of the residual power. Only small deviations occur caused by different weather conditions in each of the three years. The rate and the frequency of feed-in and demand power are key factors for grid integration of consumers with PV generation systems. In Figure 4a the cumulative frequency distribution of demand power is presented. The demand power is in 60% of all cases less than 0.4 kW. Indeed, high power levels in households are present for a short period, but load demands higher than 0.9 kW occur very rarely due to averaging of the standard load profile.
A similar behavior is shown by the feed-in power, which is mainly characterized by PV generation (see Figure 4b ). Despite an installed capacity of 8.6 kWp, power peaks are almost always lower than 6 kW. About 30% of all load demands have a power smaller than 1 kW. The rest is nearly evenly distributed to the power range between 1 and 5.5 kW. 
PV Storage System
Next to direct consumption and feed-in to the grid, a storage system can be implemented to store excess energy. In the simulation, the storage system is described as a simplified black box, characterized by a usable storage capacity Euse as well as by maximum filling Pin,max and withdrawal Pout,max rates ( Figure 1 ).
Losses associated with filling and withdrawal or with conversion of energy forms are regarded in appropriate efficiency factors. Considering a hydrogen-based storage system, a filling efficiency ƞst,in of 60% is conservatively assumed (literature gives values up to 70% for water electrolysis [53] ). A fuel cell reconverts hydrogen into electricity with an efficiency ƞst,out of 50% [53, 54] . No further losses like ageing or self-discharge are taken into account. Neglecting the influence of power level and temperature, storage efficiencies are regarded as constant. An unlimited dynamic behavior according to response time and to changes in performance is assumed due to the lack of knowledge concerning dynamic properties of hydrogen-based storage systems. The influence of this assumption is investigated in Chapter 3.2.
The storage power Pst results from trying to compensate the residual load. Ideally, no power is fed into the grid or taken from it (Pgrid = 0).
The permitted storage power levels for filling and withdrawal are the restrictive factors for this:
withdrawal (P st < 0):
The maximum power of electrolysis (=filling) is set to 5 kW. Thereby, the possibility of using 93% of excess energy is enabled according to residual load's characteristic in Figure 4b . Beyond a fuel cell (=withdrawal) with 1.5 kW is determined so that the power output is no limitation at any time step (Figure 4a ).
At time steps in which the PV generation is higher than the load demand, the excess energy is stored and the storage level increases until it reaches the maximum storage capacity. If the power is higher than permitted or the storage system is full, any additional surpluses will be fed into the grid:
A positive residual load results for situations in which the load demand exceeds the generated PV power. Hence, energy is extracted from the storage, thereby decreasing the storage level. If the storage is empty, the grid will provide remaining demand: Figure 5 shows the distribution of supplied and used energy for three days in April 2011. On the first day, a high solar irradiation fills the storage system until it is fully charged by midday. In the afternoon, the generation is still higher than the load demand. Therefore, the excess energy is fed into the grid and no power needs to be provided by the storage system. In the evening, the load demand is met by the storage withdrawal. Consequently, the storage level decreases past midnight. On the second day, the storage system acts in a similar manner. However, the large fluctuations in PV generation and storage power level caused by passing clouds are noticeable. On the third day, solar irradiation is low so that the storage system is filled incompletely. Correspondingly, the storage system is emptied until the evening. Furthermore, frequent and fast transitions between filling and withdrawal occur in this case, as the low PV power level is of a similar size as the demand. Accordingly, Figure 5 demonstrates that in spite of an assumed unlimited dynamic behavior on small time scales, such a storage system has to meet highly dynamic requirements regarding the load gradients and the response characteristic. For grid integration, a special problem occurs when the maximum storage level is achieved. If the storage system is completely filled, all residual excess power will be fed into the grid at once and high peaks occur. Weniger et al. [55] or Zeh and Witzmann [13] analyze some approaches consisting of different operation strategies in order to prevent the storage from being fully charged by noon on days with high solar irradiation; however, this is not the focus of this paper.
Assessment Criteria
The degree of self-sufficiency Φ is the ratio between generated PV energy either used directly Edir or taken from the storage Eout and the whole energy demand of the household Eload. It describes the part of energy purchased from the grid Egrid that is substituted by on-site generated energy:
Direct use of generated PV energy is assessed by the proportion of consumption Ω. It is defined by the ratio of energy which is used both directly Edir and for filling the storage Ein and the energy generated by the PV system EPV. Another possibility of calculating Ω takes into account the energy which is fed into the grid Efeed-in:
An important criterion for storage evaluation is the number of full storage cycles nfc. It can be determined by the ratio of energy taken from the storage and the usable storage capacity.
Results and Discussion
The simulation results are presented in this section. First, a direct consumption system is discussed. Subsequently, the effects of integrating a storage system and enlarging storage capacity are explained. Variable sensitivity analyses reveal the impact of storage efficiencies and the influence on reaching a high degree of self-sufficiency.
Direct Consumption System
A model building with a PV generation system but without a storage possibility allows for a direct consumption of 6.77 MWh in the whole period under consideration. This corresponds to a proportion of consumption Ω of 24.8% and a degree of self-sufficiency Φ of 47.5%.
In Figure 6 , the effects of a change on installed PV power are presented. A bigger PV generation system supplies a higher power at times of low solar irradiation and allows for more direct consumption. Consequently, a higher rate of self-sufficiency is achievable. This effect becomes less important with increasing PV power. However, at times of stronger irradiation, the excess energy becomes considerably greater because a simultaneous use of surpluses is impossible according to the predetermined load demand. Therefore, direct consumption decreases and the degree of self-sufficiency tends to saturate. The maximum degree of self-sufficiency Φ achievable with a PV generation system of 30 kWp is about 54%, along with a proportion of consumption Ω of 8.1%. Further simulations are based on the described PV system with 8.6 kWp. Figure 6 . Degree of self-sufficiency and proportion of consumption dependent on PV system power.
Short-Time Storage
While in a PV direct consumption system the proportion of consumption and the degree of self-sufficiency develop in opposite directions (Figure 6) , both values can be increased by integrating a storage system. The considered storage system (with a usable capacity of 8 kWh) exhibits a typical day-night cycle. The storage level over the entire 3-year period is displayed in Figure 7 . 1626 changes (averagely 540 per year) between filling and withdrawal and vice versa are observed, corresponding to 118 full storage cycles per year. Even this storage system with a capacity of only 8 kWh is insufficiently used to a certain extent. During the winter months, the system is only partially filled due to the low solar irradiation. In the summer, the storage level is only rarely below 20%. If the storage is dimensioned too large for the load demand, the storage system will only be available with reduced capacity due to non-complete unloading at night. However, a higher storage capacity enables to bridge a longer period without or with only low solar irradiation than a night.
Increasing the usable storage capacity over a certain level has still only a small impact on the degree of self-sufficiency as shown in Figure 8 . In contrast to a PV direct consumption system without storage, an enlargement of storage capacity leads to an increase in both degree of self-sufficiency and proportion of consumption. A storage capacity of 8 kWh already enables a rise of 42% concerning the degree of self-sufficiency Φ (absolute 67.4%) and 140% regarding the proportion of consumption Ω (absolute 59.5%) compared to a PV consumption system (horizontal lines). Accepting a (usable) storage capacity of 50 kWh as an upper limit of a short-time storage system, a capacity of 8 kWh already achieves 93% and 87%, respectively, of the maximum attainable level. This corresponds to a target achievement of 80% in each case which can be obtained by installing a storage system. As stated in Chapter 2.3., the results are based on infinitely fast dynamic responses of electrolysis and fuel cell. However, the impact of this assumption is likely to be very marginal as a time step of 15 min is used. Even a modified simulation model, in which a response delay of the filling and the withdrawal by one discretization step is taken into account, results only in a reduction of the degree of self-sufficiency by less than 0.3 and of the proportion of consumption by less than 0.5 percentage points.
In Figure 9 the influence on the grid is shown by means of residual load and grid exchange. The storage system only has a noticeable impact on power at night in summer (fewer grid purchases) as well as during the day in winter (no feed-in at times of PV generation). The analysis presented so far has been based on efficiency specifications of 60% for filling the storage system and 50% for returning stored energy. Efficiencies are assumed to be constant, independent of power level and other factors. The simulations also neglect the amount of energy which is required for preparation steps and on-site power supply. Therefore, a sensitivity analysis concerning storage efficiencies is conducted. Their impact on optimal storage capacity Euse,opt is shown in Figure 10 . A storage capacity of 50 kWh is determined as a maximum storage size. As described above, a target achievement of 80% obtained by installing a storage system compared to a PV consumption system is selected as a decisive criterion (Equation (11)).
Φ E use,opt
Φ(0 kWh) Φ(50 kWh) Φ(0 kWh) = 0.8 (11) Figure 10 . Optimal storage capacity dependent on storage efficiencies.
Concerning a low filling efficiency, only a little energy gets into the storage so that it is emptied overnight in any case, almost independent of the withdrawal efficiency. This applies in reverse as well for high withdrawal efficiencies. The optimal storage capacity increases only a little for ascending filling efficiencies due to only partial unloading overnight. A high storage capacity can only be used if it is filled sufficiently during the day due to a high filling efficiency and mostly emptied overnight according to a low withdrawal efficiency. Therefore, the withdrawal efficiency has to be at least at a mid-level assuring a low storage size. Thus, the filling efficiency has only a small impact in a wide range.
The marked points in Figure 10 specify the optimal (usable) storage capacities at previously concluded assumptions and for deviations in the order of 20 percentage points. Thereby, changes due to technological progress and the consideration of additional auxiliary energies are taken into account. Attention should be paid to high efficiencies due to maximum thermodynamic efficiencies of electrolyzer and fuel cell of 80% [56] .
Furthermore, a battery storage system with efficiencies of 90% each is drawn in as a reference. The comparison indicates a usable storage capacity of 5.9 kWh. However, lead acid batteries have a permitted depth-of-discharge of only 50% ensuring a certain battery lifetime [57] . Therefore, the storage capacity has to be doubled in the case of a battery system.
The degree of self-sufficiency Φ attainable by a storage system with optimal capacity is shown in Figure 11a in dependence of storage efficiencies. Supposing one of the two efficiencies is low, the level of the other efficiency has a high impact. A mid-level of each of the two factors already allows for a high degree of self-sufficiency. The degree can only be increased marginally by high efficiencies, thereby requiring almost the same storage capacity. Starting from the reference case, modifications in the order of up to 20 percentage points of one or both efficiencies influence the degree of self-sufficiency only by less than 5 percentage points. If both efficiencies are decreased by 20 percentage points, the only exception will exist and the degree of self-sufficiency drops by 7.2 percentage points. Higher modifications of storage efficiencies on the basis of technological progress and under the consideration of additional loss factors are assessed to be unlikely. For a system with optimal storage capacity, the proportion of consumption Ω in dependence of storage efficiencies is presented in Figure 11b . Only low storage efficiencies obtain a high share of direct use due to the installed PV area which is dimensioned as large as possible. Mid-or high-level storage efficiencies induce a significantly reduced proportion of consumption. The possibilities of achieving a high proportion of consumption are either scaling down the PV system or using the PV-generated energy elsewhere. Additionally, regarding the thermal energy demand of the model building, a part of the PV area can be substituted by a solar-thermal system or excess power can be converted into heat by a heating rod or a heat pump [58] .
Seasonal Storage
Next to a short-time storage system, which buffers excess solar energy during the day for night use, a seasonal storage system with greatly enlarged storage capacity also offers the opportunity to store energy not only for the short-term, but also for the winter months with lower irradiation conditions. It therefore has the same day-night cycle as the short-time storage system. However, due to the enlarged storage capacity, the daily solar energy surpluses result in a greater increase in storage level than the decrease in the night owing to the load demand. Therefore, the storage level increases over the summer and provides a compensation for the load demand in winter (Figure 3a) . For seasonal storage, Figure 12 shows a further increase in the degree of self-sufficiency Φ and a disproportionately high growth of the proportion of consumption Ω. The limitation of filling rates to 5 kW (corresponding to 58% of installed PV generation potential) prevents it from reaching complete self-consumption so that the excess energy is fed into the grid at times of higher generation power. Based on these constraints, almost all the PV-generated energy is either used directly or stored. A higher storage capacity offers no advantage due to the limited PV energy. The result is a saturation of the maximum storage level at 1.9 MWh and, therefore, also of the degree of self-sufficiency and the proportion of consumption. Figure 12 . Degree of self-sufficiency and proportion of consumption dependent on usable storage capacity. In Figure 13 the storage level over the whole consideration period of 3 years is presented. A degree of self-sufficiency Φ of only almost 90% is gained due to a start of the simulation in winter (year 1) and depleted storage in subsequent winters (year 2 and 3). A higher storage capacity than the saturation capacity does not have a noticeable impact on the system behavior which is visible in the overlapping graphs. This storage system enables a rise of 89% for the degree of self-sufficiency and of factor 3 regarding the proportion of consumption (absolute 98.7%) compared to a PV consumption system. Whereas in a PV direct consumption system without any storage possibility, power is exchanged with the grid in every time step, in combination with a seasonal storage system, grid power occurs only in winter (grid purchase, when the storage is empty) and at times of high solar radiation in summer (feed-in, when power generation is higher than the maximum filling rate) ( Figure 14 ). In comparison with a short-time storage system (Figure 9 ), a seasonal storing reduces exchange with the grid dramatically. The frequency of feed-in and grid purchase decreases, as does the maximum feed-in power.
The maximum feed-in power with a seasonal storage system is only 2.6 kW corresponding to about 30% of installed PV power. 
Scenarios to Achieve Self-Sufficiency
In the following section, different ways of reaching a high degree of self-sufficiency are discussed originating from the seasonal storage reference system ( Figure 15 ): Scenario 1: As already described, one restricting factor is the limitation of filling power. As no advantage can be taken of high power levels, this factor prevents from achieving a proportion of consumption of 100%. If this constraint is cancelled, all the PV-generated electricity will be used. In contrast, the degree of self-sufficiency increases only by even less than a percentage point. The storage capacity has to grow slightly to store high energy surpluses in summer.
Scenario 2: The PV area is another restriction. According to full covering of the south-directed roof surface, an increase in the installed PV power requires other areas. A more extensive system makes higher power available at already lower levels of solar irradiation which can be used directly. Thereby, losses are reduced, stored energy persists longer and the degree of self-sufficiency increases. Thus, the required storage capacity decreases along with the growing PV area. However, the excess energy rises significantly at times with high irradiation. Due to the limitation of the filling rate to 5 kW, this surplus cannot be used, causing a loss of the proportion of consumption. Even if, in combination with a 16 kWp PV system, the limitation of the filling rate is raised to 9 kW, just a small increase in the degree of self-sufficiency from 96.4% to 97.2% has an effect, thereby requiring a usable storage capacity of 1.8 MWh instead of 1.6 MWh. As it is shown in Figure 15 , a very huge PV system (scenario 2 c) also does not achieve full self-sufficiency. This is caused by a minimal storage level at the start of the considered period, corresponding to a commissioning of the storage system in autumn or winter. The power of the PV system is insufficient for direct consumption and simultaneous storage filling until spring. A minimum initial level is implemented in simulation because not each storage system can be transported and installed in the filled state. Furthermore, different initial levels influence simulation results. Thus, devoid of an initial level, the comparison of simulation results of both short-time and seasonal storage systems is enabled.
Scenario 3: In this scenario, the storage system is filled partially (1.0 MWh) at the start of the simulation to quantify the impact of initial levels. This corresponds to a commissioning of the storage system in spring or summer. The PV area and the limitation of the filling rate are applied according to the reference system. It therefore appears that a deviating initial level is quite an important factor. The effects of different initial levels are presented in Figure 16 . The initial level will be ideally dimensioned if the storage system is emptied just in spring of the first year when the PV generation is available in excess for filling the storage system (1.2 MWh for 2011). To some extent, an optimum initial level is dependent on weather conditions at the beginning of the period under consideration. The proportion of consumption will only be influenced if the initial level is set too high, thereby reaching maximum storage level at an earlier stage of the course of the year (1.5 MWh).
Scenario 4: As already described in Figure 11b for a short-time storage system, a higher withdrawal efficiency results in a higher degree of self-sufficiency. Therefore, a further technological development is assumed in this scenario (increase of withdrawal/fuel cell efficiency by 10 percentage points to 60%). The degree of self-sufficiency rises greatly even with a minimum initial level, although the storage capacity has to be increased by 21%.
Scenario 5: Scenarios 3 and 4 are combined, which means an initial storage level of 1.0 MWh and an increased withdrawal efficiency of 60%. Thereby, a degree of self-sufficiency of 100% is achieved. Indeed, the storage level at the end of the 3-year period is lower than the initial level so that no sustainable self-sufficiency is ensured. The enlargement of the considered period by another year would result in an imperfect self-sufficiency due to the too low PV energy generation in 2013 (Chapter 2.1.).
Scenario 6: Instead of technological development and the associated increase of withdrawal efficiency owing to the prediction reliability, the initial level is combined with a slightly increased PV area. Due to the completely covered roof surface, other areas like facades or carports are used. More installed power (approximately 2 kWp) is necessary to gain a full and sustainable self-sufficiency. In this scenario, the initial level is also outnumbered by the final storage level. Consequently, a low energy surplus is achieved in spite of a bad solar year in 2013 at the end of the considered period. However, the usable storage capacity has to be raised by 58%. Only a bigger PV system and an optimal commissioning time obtain an (almost) full self-sufficiency. Therefore, a storage capacity in the size of 2.0 and 3.0 MWh is required, according to a mass of 60 and 90 kg hydrogen (referred to LHV). This corresponds to 1100-1700 kg LOHC (liquid organic hydrogen carrier; based on a mass storage density of 5.3%) or 12-18 m 3 compressed hydrogen (120 bar) [59] .Thereby, a very high proportion of consumption is achieved, which is induced by the high losses at conversion of electricity into hydrogen and vice versa.
Conclusions and Outlook
A simulation model is developed to analyze the behavior of PV consumption systems in residential buildings combined with hydrogen-based storage systems. Both the degree of self-sufficiency and the proportion of consumption can be increased significantly by integrating a short-time storage system. The analyses show that both key factors tend to reach saturation with increasing storage capacity. A high degree of self-sufficiency of nearly 70% is achievable. In particular, the predefined PV size and the correspondent annual yields affect the proportion of consumption resulting in an on-site use of about 60%. An optimum storage capacity especially depends on storage efficiencies. Therefore, the withdrawal efficiency has to be at least at a mid-level (about 40%-50%) to ensure a low storage capacity of around 8 kWh while the influence of the filling efficiency is lower. Comparing a battery with the presented hydrogen-based storage system, the storage capacity has to be increased by about 50% due to limited depth-of-discharge. This results in a higher degree of self-sufficiency and a very low proportion of consumption. Due to their technology specific self-discharge rate, battery storage systems enable only short-time storing.
However, hydrogen-based storage systems are favored for seasonal energy storing because losses are independent from the storage period. Such a system produces a further considerable increase in the degree of self-sufficiency as well as a disproportionately high growth of the proportion of consumption. The maximum storage capacity is restricted by the available PV energy. Additionally, commissioning time and initial level, respectively, have an influence on the degree of self-sufficiency. Focusing solely on electricity demand, full self-sufficiency is achievable with an appropriate PV area and initial level. Moreover, a seasonal storing system reduces the energy exchange with the grid to a minimum. However, such a storage system requires an expensive electrolysis and reconversion unit and is based on a large dimensioning of the hydrogen storage capacity and the PV generator. Therefore, it is not economical at the present time.
Although the sizing of such energy systems depends on detailed knowledge of generation and consumption profiles, some important general indications can already be adopted from the results of this paper. Additionally, results will be compared with experimental values gained by the associated workings groups of the Bavarian Hydrogen Center [60] in the near future. In this context, economics as well as life-cycle emissions will be evaluated. A detailed focus of further investigations will be on the distribution of rates and gradients of grid exchange power. Even though a seasonal storage will be integrated, much energy is fed into the grid at times of high solar irradiation. However, there are also other possibilities to exploit the excess energy. Electricity can be converted into heat by a heating rod or a heat pump. Therefore, consideration has to be extended to both electrical and thermal energy demand. Combining a short-time and a seasonal storage system will be an alternative approach to achieve self-sufficiency combined with higher energy surpluses suitable for thermal energy demand and optimum grid integration. Under certain circumstances, hydrogen-based storage systems offer the opportunity for a combined heat and power supply with the integration of waste heat flows or a hydrogen burner.
